Using sewage sludge as temporary cover for landfills is one of the most effective methods to dispose sludge. e mechanical properties of solidified sludge usually meet the requirements for temporary landfill cover, but its low permeability can cause problems due to formation of perched leachate. is study focused on the effect of solidification and remolding on hydraulic conductivity of sludge and conducted permeability tests on sludge solidified by using either ordinary Portland cement (OPC) or sulphoaluminate cement (SAC). e related pore structure and aggregate size distribution were analyzed later by the mercury intrusion pressure (MIP) method and soil water characteristic cure (SWCC) method. e experiment results show that the hydraulic conductivity of solidified sludge was in the range of 10 −7 ∼10 −6 cm/s. When sludge is solidified with an SAC dosage >40% and remolded after curing for 7 days, its hydraulic conductivity increases sufficiently to the order of 10 −4 cm/s. e trend for solidified sludge exhibited a power function relation between the logarithmic hydraulic conductivity and the proportion of macropores. Overall, it can be concluded that the increase of hydraulic conductivity is attributed to the development of an aggregate structure, with water being transmitted mainly through the interaggregate pores; therefore, the sludge could be used as temporary landfill cover.
Introduction
Sewage sludge is a by-product of wastewater treatment. With the construction of new sewage treatment plants and the increase of sewage treatment ratio, sewage sludge production in China has risen significantly, with an average annual growth of 13% [1] . In 2017, China's total sewage wastewater output was about 70 billion tons [2] . Based on the assumption of 0.8 ton sludge (80% water content) per kiloton of wastewater, 56 million tons of sewage sludge were produced in 2017 in China. Definitely, this figure is expected to grow. Although incineration, land application, and other reuse of sludge are encouraged in China, more than 60% of the sludge is deposited in landfills [1] . e undrained shear strength of sludge can be as low as 0.5∼7 kPa [3] , so dumping the sewage sludge into landfills without any treatment will not only reduce the limited storage capacity of the landfills but also result in landfill instability and difficulties in operation [4] . Some guidelines are recommended to use the sewage sludge as the alternative daily or intermediate covers in landfills, which employed soil as the traditional method [5, 6] . Modifying the sludge to be a soil-like material and to serve as a suitable temporary cover can alleviate the problem of landfill storage capacity and disposal of sludge.
e solidified sludge becomes strong enough to maintain landfill stability and can withstand rolling compaction [7] . However, the hydraulic conductivity (k) after solidification is generally below 10 −6 cm/s and can be as low as 10 −9 cm/s [8, 9] , while k of municipal soil waste (MSW) is about 10 −2 ∼10 −3 cm/s [10] . Percolation of rainwater through the surface of landfill generates much leachate, which needs to be disposed by different methods [11] .
e difference in permeability between MSW and temporary cover is one of the main reasons for the presence of perched leachate [12, 13] . e formation of multilayered perched leachate in the Jiangcungou landfill in Xi'an, China, was caused by the low hydraulic conductivity of the loess used as temporary cover material [14] . In Qizishan landfill in Suzhou, China, a layer of perched leachate several meters thick was formed above the intermediate cover, which had a k value around 4 × 10 −7 cm/s [12] . e ideal hydraulic conductivity of temporary cover shall be neither too high nor too low [15] . If its hydraulic conductivity is too high, the temporary cover layer will not prevent the infiltration of precipitation into the landfill; if the hydraulic conductivity is too low, it may block leachate migration and cause the formation of perched leachate. In both cases, the stability of the landfill may be compromised [5, 16] . Although precipitation intensity varies in different parts of China, temporary cover layers with k values of 10 −4 to 10 −5 cm/s are recommended in most regions [7] .
e hydraulic conductivity of solidified sludge should be increased for the suitable temporary cover material.
e macroscopic parameter (e.g., hydraulic conductivity) of porous material is a reflection of its microstructure [17] . Hydraulic conductivity, k, is a function of the void ratio and pore structure and can be predicted by statistical analysis of the pore size distribution [18, 19] . In HagenPoiseuille flow, hydraulic conductivity is proportional to the square of the pore radius (r). Macropores have more influence on the hydraulic conductivity than micropores. Organic soils or clayey soils generally have aggregate structure, and their pores can be divided into matric pores (intra-aggregate pores), structure pores (interaggregate pores, macropores), and fissures (or cracks, not considered in this paper) [20] . But the microstructure of sludge or solidified sludge is much more complicated.
e organic content of dry sludge is about 50% by mass, which consists mainly of microorganisms, i.e., lipids, proteins, and polysaccharides, along with humus and other decomposing organic matter [21] . e bound water (osmotic, surface, and intracellular water) of the bioflocculate can impede water convection, and only free water (bulk water and some portion of interstitial water) can transmit [22] . Some clayey soils with similar microstructures have high hydraulic conductivity because of their aggregate structure, with relatively large interaggregate channels playing a major role in water transmission [23] . e hydraulic conductivity of the solidified sludge can be manipulated by controlling the processes of rolling and compaction after sludge solidification, which is usually done in engineering application. If the microstructure of the sludge can be modified to form a similar structure, large numbers of interaggregate pores would be formed, which can be served as channels for water transmission. us, the hydraulic conductivity of the sludge may become high enough for it to be used as an effective temporary landfill cover. It is necessary to study the hydraulic conductivity of solidified sludge and analyze the remolding influence on a macroscopic property (hydraulic conductivity) and microstructure properties, i.e., aggregate and pore size distribution.
is study firstly employed hydraulic conductivity tests and microstructure analysis for the purpose of systematically studying the influence of solidification and remolding on hydraulic conductivity of sewage sludge and to see whether the hydraulic conductivity could be increased to become suitable for temporary landfill cover materials. In the end, sludge solidification method for landfill temporary cover was discussed.
Materials and Methods

Materials and Sample Preparation.
e sludge for this study was obtained from a wastewater treatment plant in Nanjing, China. e physical properties of the sludge were determined using the analytical methods specified by the Ministry of Construction of the People's Republic of China [24] and are provided in Table 1 . One of the solidifying agents is Portland cement (OPC), commonly used in engineering applications, and the other is sulfoaluminate cement (SAC), recommended by Sun [25] , thanks to its high early strength. Both of them have a cement grade of 42.5, and their mineral composition can be found in [25] .
To prepare the solidified sludge, OPC or SAC (mass ratio content of cement to wet sludge at 10%, 20%, 30%, 40%, and 50%) was mixed with sewage sludge. Solidified samples were then prepared by injecting the mixture into plastic molds and leaving them there until the samples had been cured. e molds were vibrated to prevent bubble formation in solidifying sludge, which has a water content close to the liquid limit.
Remolded solidified samples were produced by curing the mixture in plastic bags and then remolding them. In the remolding process, the solidified sludge was pulverized with a rubber hammer, passed through a 2 mm sieve, and then compacted according to Chinese Standard GB/T 50123-1999 [24] in three layers of equal thickness. e surface of each layer was scarified for uniformity before the next layer was added.
All the samples were cured in a curing box with a relative humidity of 95% and a temperature of 20°C ± 2°C. Solidified sludge samples were cured for 7, 14, 28, and 56 days, respectively. Remolded samples were cured for 7 days before remolding. After remolding, they were either not cured or cured for another 21 days. e microstructure, hydraulic conductivity, and geotechnical properties of the remolded samples were compared with those of the solidified sludge with identical total curing time of 7 or 28 days.
Hydraulic Conductivity Test.
Hydraulic conductivity was determined using a flexible-wall permeameter designed by Nanjing Soil Instruments. e solidified or remolded samples were trimmed to a diameter of 70 mm and a height of 40 mm using a cutting ring. Samples were tested under a confining pressure of 50 kPa to simulate typical overburden pressures, and the seepage pressure was set at 30 kPa with deionized water.
e tests were conducted in accordance with ASTM D5084 [26] . e tests were run until the standard termination criteria were met: (1) the ratio of outflow rate to inflow rate was between 0.75 and 1.25; and (2) at least two consecutive measurements of hydraulic conductivity (k) were within ±15% of each other.
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Aggregate and Pore Size Distribution Analysis.
e aggregate size distribution after remolding was determined by the laser diffraction method. e pretreatment process was followed the method of Elliott [27] , in which the remolded solidified sludge was submerged in water for 5 minutes before being continuously shaken for 2 minutes. e pore size distribution was obtained from two different methods, viz, mercury intrusion pressure (MIP) method [28] and soil-water characteristic curve (SWCC) method [29] , using a PoreMaster-60 porosimeter (Quantachrome Inc., USA) and a Himac CR21GIII centrifuge (Hitachi lnc., Japan), respectively. e calculation of pore radius is based on the theory that fluid will intrude the voids under pressure. e general form of pore size-capillary pressure relationship can be written in terms of applied intrusion pressure, u, as
where r is pore radius, T s is surface tension, α is contact angle. In mercury test, T s � 485.5 mN/m (25°C) and α is about 140°for mercury, and in centrifuge test, T s � 72 mN/m (25°C) and α � 0°for water. e maximum mercury intrusion pressure was 138 MPa, which corresponds to a pore radius of about 0.005 μm. And the maximum centrifugal force was pF � 4.2 (1.58 MPa), with the corresponding minimum capillary pore radius ≈ 0.32 μm.
Although the MIP method and centrifuge method are both effective in determining the pore structure, they have different meanings. In MIP tests, the freeze-drying method is employed in preparing the samples, and all the water, including cell water and bound water, is sublimated. e volume of removed water corresponds to the total pore volume of the solidified sludge. In centrifuge tests, the relationship between matric suction and pore size is typically considered along the drying or drainage path. e capillary pore size distribution is obtained by subtracting the immobile water volume from the void volume of the solid phase. In the seepage process, the immobile water behaves like a solid phase that obstructs the transmission of water [30] . e MIP results are therefore a measure of the total pore size distribution, while the centrifuge tests measure the effective or capillary pore size distribution.
Soil water characteristic curve (SWCC) for use with equation (1), whereby the relationship between pore size distribution and matric suction can be established [31] . If dual-porosity structure exists, the following equation [32] , which takes account of the matric and structural pore space, can be used to describe the water retention curve:
where C is the residual water content and A 1 and A 2 are constants proportional to the amounts of intra-aggregate and interaggregate pore space, respectively. e values of h 1 and h 2 are the characteristic pore water-suction pressures at which the matric and structure pores empty, respectively.
Hydration Product Analysis.
ermogravimetric analysis (TGA) and X-ray diffraction (XRD) were used to identify the different hydration products resulting from solidification by OPC and SAC. Sludge, OPC40, SAC20, and SAC40 were analyzed in detail, all of which had been cured for 7 days.
XRD and TGA tests were carried out using a D8-Advance X-ray diffractometer (Bruker. Inc., Germany) and an SDT-Q600 synchronous thermal analyzer (TA Instruments, USA), respectively. Before conducting the tests, the dried samples were milled into fine particles. e XRD patterns of the samples were obtained with a scanning rate of 5°/min from 5°to 45°. In the TGA tests, 5-10 mg of the dried sample was heated in a ceramic crucible from room temperature to 1,044°C at a heating rate of 10°C/min. e first derivative (DTG (%/min)) of the thermogravimetric curve (TG (%)) was obtained to identify the amorphous and crystallized hydrates produced by hydration. Figure 1 shows the hydraulic conductivity (k) of sludge solidified with OPC and SAC after curing for 7 days. e cement dosage has little effect on the hydraulic conductivity of the solidified sludge. e k value of the solidified sludge was in the order of 10 −6 -10 −7 cm/s. ese k values were close to those of sludge solidified by cement and bentonite [33] as well as raw sewage sludge [34] . In this sense, solidified sludge with this hydraulic conductivity is not suitable for use as landfill temporary cover material. Figure 2 displays the hydraulic conductivity of samples OPC30, OPC40, SAC30, and SAC40; each had been cured for 7, 14, 28, and 56 days. e longer curing time for solidified sludge did not change its hydraulic conductivity significantly, and the data still remained in the range of 10 −6 -10 −7 cm/s.
Results and Discussion
Influence of Cement Dosage and Curing Time on k.
Influence of Remolding Process on k. Figures 3(a) and 3(b)
exhibit the change of hydraulic conductivity immediately after remolding. is sample had been cured for 7 days. Figures 3(c) and 3(d) show the effects of remolding on the hydraulic conductivity of samples that had been cured for a total of 28 days.
e left Y axis represents the hydraulic conductivity of the remolded solidified sludge, and the right Y axis represents the ratio of hydraulic conductivity after and before remolding, k remolded /k intact .
As can be seen in Figure 3(a) , the OPC solidified sludge hydraulic conductivity is of the same order of magnitude for all the cement dosages tested, and k remolded /k intact is slightly less than 1, meaning that remolding caused a slight decrease in hydraulic conductivity. e decreased permeability might be caused by the dispersed and oriented structure induced by remolding [35] . Figure 3(b) shows the hydraulic conductivity of SAC-cured sludge after remolding. e hydraulic conductivity did not change much with the addition of less than 30%, but it increased dramatically when the SAC dosage was greater than 40%. It seems that the microstructure has changed. At this dosage, the hydraulic conductivity can approach 10 −4 cm/s, the nature of which is close to a suitable temporary cover material with hydraulic conductivity of 10 
Variation of Aggregate and Pore Size Distribution.
Remolding is the process of reformation of the aggregate structure and pore size distribution of the solidified sludge.
Solidification process increases the strength and cohesiveness of the material, which has an effect on the aggregate structure and pore structure. Figure 4 reveals the aggregate size distribution of OPC-and SAC-solidified sludge after remolding. With the addition of cement, the size of the aggregate particles increased after remolding. However, the OPC-solidified sludge still had a unimodal particle or aggregate size distribution, with the peak occurring at 20-30 μm. By contrast, when the SAC content was greater than 40%, the particle size distribution of the remolded specimens became bimodal, with one peak occurring at a particle size of 60 μm and the other peak occurring at around 400 μm. SAC40 and SAC50 even developed large particles with radii above 1 mm. Figure 5 shows the pore size distribution of OPCsolidified sludge determined from MIP tests. e vertical axis in the figure is dV/d log(r), where r is the entrance pore size radius and dV is the volume of the pores whose radius is r. e solidified sludge has a bimodal distribution with one peak at around 8 μm and the other at around 0.6 μm. With the increase of cement dosage, the volume of pores with r ≈ 8 μm decreased and the smaller pores increased. However, it can be found in Figure 1 that there exists no evident difference in terms of hydraulic conductivity of the four kinds of solidified sludge. It can be concluded that the decreased 8 μm pores are "inactive" pores, which cannot change the permeability. In order to verify this, capillary pore size distribution was conducted. Figure 6 illustrates the capillary pore size distribution of OPC-solidified sludge determined from centrifuge tests. e effective pores of the solidified sludge have a unimodal distribution, and the peak value ranges from 0.5 to 1.0 μm, which corresponds to the main peak measured by MIP tests in Figure 5 . However, the macropores with radii of around 8 μm found in the MIP tests are not reflected in this effective pore size distribution ( Figure 6 ). Figure 7 shows the capillary pore size distribution of the samples that were remolded after curing time of 7 days. Figure 7 (a) displays the pore size distribution of samples immediately after remolding. e same data for samples cured for a further 21 days are shown in Figure 7 (b). e effective pores of remolded OPC-solidified sludge have a unimodal distribution similar to that before remolding, with the peak of the distribution occurring in the pore radius range of 0.5-1.0 μm. e effective pore-size distribution of SAC-solidified sludge differed when the amount of SAC added exceeded 40%. In this case, the effective pore-size distribution was bimodal, with an extra peak at around 10 μm. Similar results have been reported in the literatures, and they attributed the reason to the formation of an aggregate structure, as opposed to oriented [35, 36] . Only a small fraction of the unclogged macroporosity volume contributes to the most fluid flow through the soil structure [37] .
Hydration Products.
e difference in the formation of the aggregate structure and dual pore structure after remolding was caused by the hydration reactions of OPC and SAC. e identities and yields of the hydration products 
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resulting from the use of the two different solidifying agents on sewage sludge were investigated by TGA and XRD. Figure 8 shows the XRD patterns of four materials: sludge, OPC40, SAC20, and SAC40. e main inorganic component of the sludge is quartz (silica, SiO 2 ). is result is consistent with the study by Chin [38] . e hydration products of OPC solidification were calcium silicate hydrates (CSH), calcium silicate aluminate hydrates (CASH), and a small amount of ettringite. When SAC was used for solidification, the main hydration product was ettringite, the quantity of which increased in proportion to the amount of SAC added. Figure 9 shows the characteristic shapes of the TGA/ DTG curves of the sludge, SAC20, SAC40, and OPC40. e main decomposition of the sludge was in the range of 260-300°C, which was mainly caused by the decomposition of carbohydrates and lipids [21] . e initial mass loss of the cemented sludge occurs at around 100°C and is largely owing to the dehydration of CSH, CASH, and ettringite [39] . DTG of the three hydration products was overlapped, making them difficult to distinguish. From TGA and XRD analysis, the SAC40 contained more hydration products than the other mixtures. Ettringite constituted the bulk of the hydration products present in SAC40. e presence of a high fraction of crystalline ettringite in SAC40 rather than the gelatinous CSH and CASH that were mostly presented in the other solidified sludges enhanced the mechanical strength of SAC40 and helped maintain its aggregate structure after remolding and compaction. e formation of the aggregate was caused not by compaction with a lower-than-optimal water content [40] but by the hydration products formed during the solidification process. e cemented sludge was broken into small aggregates (or particles) during the remolding process, which formed an aggregate structure that can withstand rolling compaction or other external forces.
Influence of Effective Macropores on k.
e presence of macropores between the aggregate particles is the main reason for the increased hydraulic conductivity of the Hydraulic conductivity, remolded solidified sludge. e experimentally determined hydraulic conductivity of solidified sludge is very low, namely, in the range of 10 −6 -10 −7 cm/s, making it unsuitable to be the temporary cover material. With SAC content of 40% or higher, the hydraulic conductivity increased after remolding to the order of 10 −4 cm/s, which is close to the ideal range for temporary cover material. Solidified sludge generally has a large pore volume, with a void ratio of about 3-4. As shown in Figures 6 and 7 , most of the pores were between 0.5 μm and 1.0 μm, which is the main reason for the low hydraulic conductivity. e pore structure changed after remolding, but SAC-solidified sludge with low cement content and OPC-solidified sludge both have a unimodal pore size distribution. e SAC-solidified sludge with cement content greater than 40% remains in an aggregate structure and can have greater strength, thanks to more hydration products. e strong skeleton formed by SAC resists compression forces and leads to the formation of a dual pore structure, with smaller intra-aggregate pores and larger interaggregate pores. e increase in the hydraulic conductivity after remolding occurs because the interaggregate pores transmit most of the water that percolates through the solidified sludge.
Pore radius of 10 μm was assumed as the boundary between the interaggregate and intra-aggregate pores [41] . To further look into the effect of the proportion of macropores on permeability, the values of hydraulic conductivity reported in preview studies [35, [42] [43] [44] as well as those obtained from this study are plotted together on a semilogarithmic scale, as shown in Figure 10 . It is clearly Advances in Civil Engineering 7
indicated that the hydraulic conductivity tends to increase with the proportion of macropores. Note that the hydraulic conductivity changes significantly when the proportion of macropores is less than 0.2, while it changes slightly when the proportion of macropores is more than 0.2. It is completely reasonable since the larger the pore size, the less resistance the water will experience when flowing through the solidified sludge [9] . e four points of remolded solidified sludge with SAC content greater than 40% in Figure 10 have a higher macropore proportion (about 20%) and were likely to form an aggregate structure with large pore size, leading to higher hydraulic conductivity.
Sludge Solidification Method for Temporary Landfill
Cover. It can be found that remolded solidified sludge with a SAC content greater than 40% and curing time of 7 days met the requirements for landfill temporary cover. e stiff aggregate in this solidified sludge formed a strong skeleton to bear the compaction load while maintaining the aggregate structure. e amount of additive required, 40%, was relatively high. Common composite materials used as solidifying agents, such as bentonite, fly ash, and kaolinite, can potentially be used to reduce cement usage [8] . Provided that enough additive is used and that the curing time is enough, the solidified sludge can be strong enough for its aggregate structure to withstand rolling compaction. If treated in this way, the solidified sludge will be strong enough and can have sufficient hydraulic conductivity to serve as an effective temporary cover material in landfills.
Conclusions
(1) e hydraulic conductivity of solidified sludge (i.e., sludge with a water content of 80% and organic matter content of 50% of the solid mass) is on the order of 10 −6
-10 −7 cm/s, which is too low for temporary landfill cover. However, the hydraulic conductivity of remolded sludge with a SAC content greater than 40% increased to on the order of 10 −4 cm/ s, making it an ideal temporary cover material.
(2) e OPC-and low-SAC-solidified sludge had a unimodal pore size distribution after remolding, while the solidified sludge with a SAC content greater than 40% formed an aggregate structure with a bimodal pore size distribution. e solidified sludge exhibits a power trend between the logarithmic hydraulic conductivity and proportion of macropores. e interaggregate pores in the high-SAC solidified sludge have the capacity to transmit water and thus increase the hydraulic conductivity of the material. (3) SAC in sufficient quantities undergoes rapid hydration reactions that generate a high fraction of crystalline ettringite rather than the gelatinous CSH and CASH that result from the hydration of OPC. e mechanical strength of the ettringite helps preserve a favorable aggregate structure and bimodal pore-size distribution with both intra-and interaggregate pores presented after remolding. (4) Sewage sludge was thus successfully modified to form an aggregate structure with mechanical and hydraulic properties that make it an ideal alternative landfill temporary cover material.
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